iron (fe) is an essential micronutrient that is frequently inaccessible to plants. Rice (Oryza sativa L.) plants employ the combined Strategy for fe uptake, which is composed by all features of Strategy ii, common to all poaceae species, and some features of Strategy i, common to non-poaceae species. to understand the evolution of fe uptake mechanisms, we analyzed the root transcriptomic response to Fe deficiency in O. sativa and its wild progenitor O. rufipogon. We identified 622 and 2,017 differentially expressed genes in O. sativa and O. rufipogon, respectively. Among the genes up-regulated in both species, we found fe transporters associated with Strategy i, such as IRT1, IRT2 and NRAMP1; and genes associated with Strategy ii, such as YSL15 and IRO2. in order to evaluate the conservation of these Strategies among other Poaceae, we identified the orthologs of these genes in nine species from the Oryza genus, maize and sorghum, and evaluated their expression profile in response to low Fe condition. Our results indicate that the Combined Strategy is not specific to O. sativa as previously proposed, but also present in species of the Oryza genus closely related to domesticated rice, and originated around the same time the AA genome lineage within Oryza diversified. Therefore, adaptation to fe 2+ acquisition via IRT1 in flooded soils precedes O. sativa domestication.
Iron (Fe) is an essential micronutrient for virtually all organisms. In humans, anemia prevalence was one third of world population in 2010, and Fe deficiency anemia (IDA) is correlated with decreased cognitive performance, low weight at birth, and child and maternal mortality 1 . In plants, the capacity to change redox states from Fe 2+ (ferrous) to Fe 3+ (ferric) allows Fe to participate in electron transfer reactions in both photosynthesis, respiration and chlorophyll biosynthesis 2, 3 . Higher plants cultivated under Fe deficiency experience severe chlorosis, reduction on biomass, yield and nutritional value of their grains 4 . In calcareous soils, which cover approximately one third of the Earth's surface 4, 5 , Fe is less bioavailable to plants, which can lead to Fe deficiency. In contrast, Fe can become harmful when present at elevated concentrations in plant tissues, since it can react with oxygen and catalyze the formation of reactive oxygen species through the Fenton reaction 6 . Thus, plants must tightly regulate internal Fe concentration to avoid both Fe toxicity and Fe deficiency 2 .
To cope with Fe deficiency, plants possess two different ways to maintain adequate levels of Fe 7 . Strategy I, or reduction strategy, found in all plants except those from the Poaceae family, consists in: (1) lowering soil pH by extrusion of H + to increase Fe 3+ solubility, which relies on P-type ATPases such as AtAHA2 in Arabidopsis 8 ;
(2) reduction of Fe 3+ to Fe 2+ at the root surface by a plasma membrane-bound ferric-chelate reductase, named AtFRO2 (Ferric Reductase Oxidase) 9 ; and uptake of Fe 2+ into root cells by the Fe high-affinity transporter AtIRT1 (Iron-Regulated Transporter) 10 . All proteins involved in this strategy increase their expression level under Fe deficiency. On the other hand, plants from the Poaceae family rely on Strategy II, or chelation strategy, to absorb Fe. This strategy employs the release of phytosiderophores into the rhizosphere. Phytosiderophores are derivatives of mugineic acid (MAs) family of modified amino acids 11 . MAs synthesis involves the trimerization of S-adenosyl Met to form nicotianamine (NA), catalyzed by nicotianamine synthase (NAS) 12 ; the conversion of NA in 3-keto intermediate by the transfer of an amino group by nicotianamine aminotransferase (NAAT) 13 (Fig. 1A) . Shoot and root dry weight showed no significant differences in both species when comparing plants under CC or −Fe conditions (Fig. 1B,C) . Chlorophyll Supplementary Fig. 1 ). Comparing −Fe to CC, O. sativa showed a total of 622 differentially expressed genes (340 up-and 282 down-regulated), which represent 1.77% of all annotated genes in the genome of this species (Supplementary Table 1 ). O. rufipogon showed a total of 2,017 differentially expressed genes (1, 433 up-and 584 down-regulated), which represent 5.43% of all annotated genes in the genome of this species (Supplementary  Table 2 ). Fig. 2A ), we found "iron ion transport", "zinc II ion transport", "organic acid biosynthetic process", processes related to "amino acid salvage" including "L-methionine salvage" and "L-methionine salvage from methylthioadenosine" as well as several amino acid biosynthetic processes, mainly related to "methionine biosynthetic process", "S-adenosylmethionine biosynthetic process" and "L-methionine biosynthetic process". Among the commonly down-regulated processes ( Supplementary Fig. 2B ), we found terms associated to "cellular response to nutrient levels", "cellular responses to starvation", "responses to extracellular stimulus". Four similar categories, including metabolic and biosynthetic processes related to glycolipid, glycosilceramide, glucosylceramide and glycosphingolipid; and three categories and processes related to sulfur transport, such as "sulfate transport", "sulfur compound transport" and "sulfate transmembrane transport" were also identified. GO terms exclusively up-regulated in O. sativa include "formate metabolic process", "ureide catabolic process", "ureide metabolic process", "divalent metal ion transport" and "divalent inorganic cation transport", whereas down-regulated terms exclusively in O. sativa, which include "chemical homeostasis", "response to toxic substance", "cellular oxidant detoxification" and "response to oxidative stress", showed high level of significance ( Supplementary Fig. 3A ). O. rufipogon up-regulated GO terms include "nitrogen cycle metabolic process", "nitrate assimilation", "ammonium transport", and "response to oxidative stress", and down-regulated terms include "cellular nitrogen compound catabolic process", "divalent metal ion transport" and "cellular response to phosphate starvation" ( Supplementary Fig. 3B ).
The Fe deficiency regulon genes are responsive in both O. sativa and O. rufipogon.
Although the number of differentially expressed genes was different in roots of O. sativa and O. rufipogon under −Fe, we found orthologous genes regulated in both species. Fifty-seven genes up-regulated by −Fe are orthologous between the two species, whereas 45 orthologous genes were down-regulated in both species after −Fe treatment (Table 1) . Interestingly, a number of genes encoding proteins involved in Strategy I for Fe 2+ uptake from the rhizosphere were up-regulated under −Fe in both species, such as IRT1, IRT2 and NRAMP1. We also found genes related to Strategy II for Fe uptake which were up-regulated in both species, including enzymes involved in biosynthesis and secretion of mugineic acids (MAs), such as S-adenosylmethionine synthase 2 (SAM2), deoxymugineic acid synthase (DMAS) and nicotianamine synthase 1 (NAS1), and genes involved in the biosynthesis of methionine, as MTK1 (Methylthioribose kinase 1), a precursor for the MAs biosynthetic pathway 13 . Known regulators of Strategy II, such as the iron-regulated bHLH transcription factor IRO2, which plays a role in transcriptional regulation of genes that participate in Fe acquisition 26 ; IRO3, which plays an important role as a negative regulator of the Fe deficiency response in O. sativa; and HRZ1 and HRZ2, which are iron-binding sensors that negatively regulate iron acquisition under conditions of Fe sufficiency 27 , were also up-regulated in roots of both species. Finally, the genes encoding the main Fe(III)-deoxymugineic acid transporter in roots (YSL15, which is essential for Fe uptake 17 ), were also up-regulated in both O. sativa and O. rufipogon. These results strongly indicate that these two species utilize a common mechanism, the Combined Strategy, for Fe uptake.
In order to confirm the results obtained by RNAseq, we analyzed the expression level of two genes associated with Strategy I (IRT1 and NRAMP1), five genes associated with Strategy II (IRO2, DMAS, YSL15, ZIFL4-TOM1, and OPT7), and ZIFL12, SAM2, mitochondrial chaperone BCS1, cellulase and one gene annotated as Reductase SDR Family ( Supplementary Table 3 ). We selected genes that were either commonly regulated in both species, or were up-regulated only in O. sativa under −Fe condition. Differential expression was confirmed for all eight tested genes which were regulated similarly on both species according to the RNAseq data (IRT1, NRAMP1, IRO2, DMAS, YSL15, ZIFL4-TOM1, OPT7, SAM2, and mitochondrial chaperone BCS1; Fig. 2A -E,H-J). In addition, the genes ZIFL4/TOM1, cellulase and reductase SDR family, which were up-regulated in roots of O. sativa based on our RNAseq data, were shown to be also up-regulated in O. rufipogon (Fig. 2F www.nature.com/scientificreports www.nature.com/scientificreports/ up-regulated only in roots of O. sativa (Fig. 2G ). Thus, we confirmed that genes associated with Fe acquisition from the soil in O. sativa are also up-regulated in O. rufipogon under Fe deficiency. These data further indicate that the two species use similar mechanisms for Fe uptake.
Analysis of synteny and collinearity allow the inference of OsIRT1, OsYSL15, OsIRO2, and
OsNRAMP1 orthologs between Oryza species, maize and sorghum. Based on the previous results, we hypothesized that wild rice species may also use the CS for Fe uptake. Since an expected characteristic of such strategy would be concomitant up-regulation of OsYSL15 and OsIRT1, we decided to analyze the expression of these genes in other species of the Oryza genus and also in other grasses. We also included IRO2, a transcription factor involved in regulating the Strategy II genes in rice, and NRAMP1, an Fe transporter that is also up-regulated under Fe deficiency in cultivated rice, but has no clear function in Fe uptake yet. To identify the orthologous genes in nine species of the Oryza genus, maize and sorghum, we analyzed the syntenic relationships between their genomes using O. sativa ssp. japonica as a reference genome. We identified synteny in the IRT1 locus for most species, with maize, O. nivara and O. glumaepatula having the least synteny compared to O. sativa (Fig. 3A) . We found no IRT1 ortholog in O. meridionalis. Scanning the O. meridionalis genome sequence, we found that the genome region that contains IRT1 is likely missing from the current draft ( Supplementary Fig. 4 ). We also identified syntenic genomic blocks for YSL15 and IRO2 (Fig. 3C ) sequences in all genomes considered, except for YSL15 in O. meridionalis (Fig. 3B ). In this species, YSL15 was found in chromosome 3, and not in chromosome 2, as in all other Oryza species. OsYSL15 and OsYSL2 are found in tandem in chromosome 2, an organization that is conserved in most Oryza species, but not in O. meridionalis (Fig. 3B ). For NRAMP1, we identified synteny for most species considered ( Fig. 3D ).
Collinearity analyses showed the occurrence of inversions in the region containing IRT1 when comparing O. sativa ssp. japonica with O. nivara and O. glumaepatula ( Supplementary Fig. 5A ). The segment containing the YSL15 gene, located on chromosome 2 in O. sativa, tends to have genes in the same order and orientation as in O. sativa in most of the evaluated genomes, except in O. meridionalis and sorghum. When we consider O. meridionalis, the genomic block which is syntenic with O. sativa does not contain YSL15 ( Supplementary Fig. 5B ). In this species, YSL15 is located on chromosome 3. In relation to the transcription factor IRO2, the occurrence of collinearity with the O. sativa genome was observed in most of the analyzed species ( Supplementary Fig. 5C ). There was collinearity of the NRAMP1 chromosomal region from O. sativa ssp. japonica with sorghum and maize only in the up and downstream regions, respectively ( Supplementary Fig. 5D ). These analyses allowed us to identify the most likely orthologs for IRT1, YSL15, IRO2, and NRAMP1 in Oryza species, maize and sorghum. (Fig. 4A,B ). In O. longistaminata, IRT1 expression seemed to be induced under −Fe, although not statistically significant (p = 0.067). However, the expression levels of IRO2, YSL15, and NRAMP1 were up-regulated by −Fe in the same species (Fig. 4C ). In O. punctata and O. latifolia roots, expression of IRT1 was not significantly induced upon −Fe, while the transcript levels of YSL15, IRO2, and NRAMP1 were up-regulated ( Fig. 4D,E) . O. australiensis also showed up-regulation of YSL15, IRO2, and NRAMP1 (in this last, the expression was not detected in CC) in roots under −Fe, while IRT1 expression was not detected, even under −Fe (Fig. 4F) . These results suggest that it is possible that distinct species of Oryza genus evolved independently to Strategy II-exclusive or CS 20 , and indicate that the CS is common to other AA genome species besides O. sativa.
We also evaluated the expression of the same genes in both maize and sorghum roots under CC and −Fe conditions (Figs. 5 and 6). Chlorophyll quantification showed that maize plants are also at the early phase of Fe deficiency response after five days ( Supplementary Fig. 6 ). Expression profiles of genes related to Strategy I (ZmIRT1 28 , ZmFIT1 29 and ZmMHA2 29 ) were evaluated. ZmFIT1, orthologous to the transcription factor AtFIT, which regulates the expression of FRO2 and IRT1 in Arabidopsis 30 , was up-regulated in roots under −Fe (Fig. 5B) . ZmMHA2, similar to plasma membrane H + ATPase from Arabidopsis (MHA2) 29 , was down-regulated ( Fig. 5C ). ZmIRT1 expression was not significantly affected by Fe deficiency (Fig. 5A) . Genes related to Strategy II (ZmYS1, ZmDMAS, ZmTOM1, ZmTOM2, ZmTOM3, ZmIRO2, and ZmIRO3) were up-regulated in roots grown under −Fe condition compared to those cultivated in CC, except for ZmTOM2, as described 31 (Fig. 5D-J) . ZmNRAMP1 expression was not regulated by Fe deficiency (Fig. 5L) .
Sorghum plants showed decreased chlorophyll concentration after two days of treatment ( Supplementary  Fig. 7) . SbIRT1 was not regulated by Fe deficiency in roots, while the transcript levels of SbNRAMP1, SbIRO2, and SbYS1 were up-regulated under −Fe compared to CC (Fig. 6A-D) . These results suggest that both maize and sorghum do not induce IRT1 expression under −Fe conditions, and thus may be Strategy II-exclusive plants. 
Discussion
Currently, there is little experimental evidence to support models of Fe deficiency response evolution in plants 20 . Evidence from Chlamydomonas reinhardtii and Marchantia polymorpha support the hypothesis that reduction-based Strategy I is ancestral in the plant lineage 32, 33 . In this work, to add information to the evolution of Fe uptake strategies in Poaceae, we compared the root transcriptomic responses of O. sativa and O. rufipogon under −Fe. We choose O. rufipogon because this species is the wild progenitor of O. sativa ssp. japonica 34 . This is the first report of such comparison in the literature, and the first characterization of O. rufipogon Fe deficiency response. It is also the first RNAseq dataset for cultivated rice under −Fe, which allows us to confirm other studies using microarrays 35, 36 . Our data also allowed us to propose a model for −Fe response evolution (see next sections). www.nature.com/scientificreports www.nature.com/scientificreports/ We used physiological characterization to identify the early phase of −Fe response, which was established at five days for both O. sativa and O. rufipogon (Fig. 1) . Transcriptomic data showed that both species have significant overlapping sets of regulated genes in roots upon −Fe treatment ( Table 1 and Supplementary Fig. 2) , although a large group of genes are exclusively regulated in one species ( Supplementary Fig. 3 ). Among those regulated in both, we found genes linked to Fe homeostasis. HRZ1 and HRZ2, two hemerythrin domain-containing ubiquitin ligases that negatively regulate −Fe response through protein degradation 27 , are up-regulated in both species. HRZ1 and HRZ2 are involved in degradation of some components of the Fe uptake machinery, similar to the role of their Arabidopsis homolog BRUTUS 37 . Two bHLH transcription factors, IRO2 and IRO3, were also up-regulated in roots of both species under −Fe. IRO2 is a positive regulator of Fe uptake genes, whereas IRO3 is a negative regulator, orthologous to Arabidopsis POPEYE 38 .
We found transporters that are associated with Fe homeostasis in cultivated rice also regulated in O. rufipogon. OsYSL9 was described as an Fe-chelate transporter involved in Fe distribution in developing grains, which is up-regulated by −Fe in roots 39 (Table 1 ). OsOPT7, also described as an up-regulated gene in roots upon −Fe 40 , but with unknown transport substrate, was also up-regulated in O. rufipogon (Table 1) . ENA1, described as a NA efflux transporter in rice, was also up-regulated in both species in our experiments 14 . Interestingly, we also found genes related to homeostasis of other metals, such as zinc (Zn, ZIP4 41 ), copper (Cu; COPT5.1 42 ) and metallothioneins (Table 1 ). Transporters such as IRT1 are capable of transporting a variety of cations other than www.nature.com/scientificreports www.nature.com/scientificreports/ Fe, including cadmium (Cd), cobalt (Co), manganese (Mn) and Zn 10 , which can lead to accumulation of heavy metals such as Cd 43 and Zn 44 in plants when IRT1 is highly expressed. Thus, up-regulation of transporters of other metals might be a consequence of the broad substrate specificity of IRT1-like transporters 45 and accumulation of toxic levels of heavy metals. Moreover, we found the vacuolar iron transporter 2 (VIT2), which is up-regulated by Fe excess and down-regulated by −Fe, among the genes down-regulated in both species, corroborating previous data 46, 47 . Finally, the uncharacterized NRAMP7 transporter was also down-regulated in both species, suggesting a role for this transporter in Fe homeostasis.
Our GO analyses showed that Fe and methionine/S-adenosyl methionine-related processes are among the terms enriched in both species ( Supplementary Fig. 2 ). Under −Fe, the methionine cycle feeds the biosynthesis of phytosiderophores in plants that rely on Strategy II to absorb Fe from the rhizosphere 19, 35 . MAs are synthetized in a conserved pathway from S-adenosyl-L-methionine 13 , which is biosynthesized during the reaction of methionine with ATP by S-adenosyl-methionine synthase (SAMS) 48, 49 . The pathway for biosynthesis of MA includes enzymatic reactions meditated by nicotianamine synthase (NAS1) which catalyzes the formation of NA. Next, nicotianamine transferase (NAAT1) 21 converts NA into a 3′-keto intermediate, which is then reduced to deoxymugineic acid (DMA) by deoxymugineic acid synthase (DMAS) 13, 40 . The synchronous expression of the methionine cycle-related genes was observed during the first 36 hours of −Fe in roots of rice 50 . Between the transcripts up-regulated only in O. sativa, we identified an aspartate aminotransferase (OsIDI4) which has been predicted to be the enzyme that catalyzes the conversion of 2-keto-4-methylthiobutyric acid to methionine by transamination, and is a candidate enzyme for the final step of the methionine cycle [51] [52] [53] . Up-regulation of genes involved in the biosynthesis of methionine and MA, like SAM2, NAS1, and DMAS were observed in O. sativa and O. rufipogon (Table 1) . These results are indicative that both species responded to −Fe by increasing precursors and phytosiderophore synthesis for Fe uptake 54 .
We also found ZIFL4/TOM1 up-regulated in roots of both species when exposed to −Fe. In rice, OsZIFL4/ TOM1 was characterized as the transporter involved in DMA secretion to the rhizosphere, and thus a crucial player in Strategy II. DMA binds to Fe(III), generating the Fe(III)-phytosiderophore complex. Barley plants were also shown to use the ortholog HvTOM1 to perform this key step in phytosiderophore release 14 , while maize ZmTOM1 was shown to be up-regulated by −Fe 31 . Thus, up-regulation of ZIFL4/TOM1 in O. rufipogon fits well with what is expected in a plant acquiring Fe using Strategy II/chelation strategy. In agreement with that, we also found both OsYSL15 and OrYSL15 genes up-regulated in roots of Fe deficient plants. As YSL15 transporters are necessary for Fe(III)-phytosiderophore uptake into root cells, it is clear that a full Strategy II is being induced in both O. sativa and O. rufipogon under −Fe conditions. Among the genes up-regulated by −Fe in both species, we found genes classically characterized as part of the Strategy I, similar to IRT1 10 and IRT2 55 . AtIRT1 encodes a high affinity Fe 2+ transporter 10,18 up-regulated in epidermis and exodermis of roots under −Fe. In rice, the most similar gene, OsIRT1, is induced by low Fe, and was able to complement yeast mutants defective in Fe transport 18 . It was shown that OsIRT1 is part of the rice Fe regulon, being regulated along with Strategy II genes 36 . OsIRT1 over-expression results in Fe, Zn, and Cd accumulation in rice tissues 56 . Based on these evidences, it was proposed that OsIRT1 is involved in Fe uptake in cultivated rice, allowing rice roots to acquire Fe 2+ from the soil. This would be an adaptation to paddy fields where rice is commonly cultivated, and where Fe 2+ is much more abundant than Fe 3+ 18 . Another gene found up-regulated in O. sativa and O. rufipogon was NRAMP1. In cultivated rice, OsNRAMP1 was characterized as an Fe 2+ , Mn 2+ , and Cd 2+ transporter up-regulated by −Fe 57 . High OsNRAMP1 expression was also linked to Cd 2+ accumulation in rice cultivars 57 . A highly similar gene, OsNRAMP5, is also involved in Cd 2+ accumulation, and is able to transport Fe 2+ and Zn 2+ 58 . In Arabidopsis, the high-affinity metal transporter NRAMP1, which is closely related to OsNRAMP1/OsNRAMP5, is induced by −Fe, and was shown to be important for Fe transport under Fe sufficiency conditions, cooperating with IRT1 to absorb Fe +2 from the rhizosphere 59 . However, to date, the physiological function of the rice ortholog OsNRAMP1 is not clear. Thus, it is possible that rice plants use three transporters for primary Fe uptake from the soil under −Fe conditions (i.e., YSL15, IRT1, and NRAMP1), with OsNRAMP1 (or OsNRAMP5) having a role for Fe 2+ uptake under Fe sufficient conditions. These hypotheses, however, need to be supported by additional evidence. Taken together, our data indicate that O. rufipogon also uses Strategy I-related genes such as IRT1 and NRAMP1 for Fe uptake, as observed in O. sativa.
After the first work showing that O. sativa is able to transport Fe 2+ in addition to the ability to transport Fe(III)-phytosiderophore 18 , the current model for the evolution of Fe deficiency response was established, in which rice uses the CS as a recent adaptation to waterlogged soils 18, 20 . Recently, we hypothesized that the underlying assumption that Fe 2+ uptake by IRT1, considered as a new adaptation of cultivated rice, might not be true, and other Poaceae species might also use IRT1 for Fe uptake, which would mean the IRT1-based CS has a common, more ancient origin within the family or the Oryza genus. In order to test this hypothesis in wild Oryza species, maize and sorghum, we analyzed the expression of the orthologous genes of YSL15 and IRT1, which control Fe 3+ and Fe 2+ uptake, respectively, in plants under −Fe. We also included IRO2, a positive regulator of the Strategy II genes in rice; and NRAMP1, which is part of the Fe regulon in rice and may also be involved in Fe uptake. Expression of the orthologous genes ( Fig. 3 and Supplementary Fig. 5 ) encoding each of these proteins in all species was analyzed. We assumed that concerted up-regulation of both YSL15 and IRT1 was indicative of CS use in a given species. NRAMP1 up-regulation was considered as further indication of a conserved role for this gene in −Fe response. Importantly, our approach aims at identifying a common origin of the CS in Poaceae, based on the IRT1 orthologs in these species. It is possible that independent CS strategies have evolved in this family, which could be based on other transporters that perform the same activity (i.e., NRAMP1 or IRT2).
O. sativa ssp. spontanea (AA genome) is the weedy rice variety, and is cultivated in flooded soil along with cultivated rice, being widely distributed in South and South-east Asia, South and North America, and southern Europe 60 . O. barthii and O. longistaminata (both AA genomes) are species cultivated in seasonally dry habitats. These three species are representative of the O. sativa complex, which include AA genome species, the closest ones to cultivated rice in the Oryza genus 61, 62 . In these three species, we observed increased expression of both IRT1 and YSL15. NRAMP1 and IRO2 were also up-regulated ( Fig. 4A-C) . We also tested three species outside the O. sativa complex: O. punctata (BB genome), O. latifolia (CCDD genome), and O. australiensis (EE genome), all from the O. officinalis complex. These species are cultivated in seasonally dry habitats 61 . Interestingly, we observed up-regulation of YSL15, NRAMP1, and IRO2, but not of IRT1 (Fig. 4D-F) . These results suggest that species from the O. officinalis complex do not use IRT1 for Fe uptake under low Fe conditions, while species from the O. sativa complex up-regulate IRT1 under the same conditions.
We also evaluated the expression of the same genes in maize and sorghum, two Poaceae species outside the Oryza genus that serve as out groups to test our hypothesis for a common origin of an IRT1-based CS in Poaceae. Even though the Fe uptake mechanism has not been as well characterized in maize and sorghum as in O. sativa, there has been some discussion whether maize can use a partial Strategy I 29, 31, 63 . We observed that ZmIRT1 expression was not significantly induced in maize roots exposed to −Fe, although there seems to be a trend for higher expression under iron deficiency (Fig. 5A ). Nozoye et al. 31 and Li et al. 28 found ZmIRT1 up-regulated under similar conditions. ZmYS1, as expected, was clearly up-regulated ( Fig. 5D ). We also tested other candidate genes likely involved in −Fe regulation in maize already described in the literature to confirm that maize plants are responding properly to −Fe conditions 29 (Fig. 5 ). When we tested the likely orthologs of our candidate genes in sorghum, we observed that SbIRT1 was not up-regulated, while SbYS1 was (Fig. 6D ). Interestingly, ZmNRAMP1 was not regulated by −Fe, whereas SbNRAMP1 was. These results suggest that sorghum plants do not use the CS, whereas maize may use ZmIRT1 as an Fe 2+ transporter upon Fe deficiency, but without a strong, consistent up-regulation. Alternatively, since we used a different genotype than Nozoye et al., ZmIRT1 up-regulation might be genotype specific, as observed for barley HvIRT1 64 . Thus, as already suggested 20 , the use of CS might vary in Poaceae species outside the Oryza genus or even in genotypes within the genus, which may be linked to local adaptation to specific environments where each genotype is found. Considering the possibility that maize also uses the CS based on the IRT1 ortholog, our data suggest that maize CS is not homologous to what is observed in the AA Oryza group, which would indicate an independent/convergent evolution in the use of IRT1, together with the shared chelation strategy. Altogether, our data suggest a restricted up-regulation of IRT1 and YSL15 within the AA genome group of the Oryza genus, resembling the O. sativa CS. Moreover, NRAMP1 does not seem to have a conserved function in all Poaceae species analyzed.
conclusion
In conclusion, our data suggest that Strategy II for Fe uptake, represented by YSL15 up-regulation under −Fe, is conserved in the Poaceae family, being an evolutionary novelty after the split between Poaceae last common ancestor and other monocots lineages (Fig. 7) . Partial Strategy I for Fe uptake based on up-regulation of IRT1 orthologs under −Fe is conserved only within the O. sativa complex containing the AA genome group. Therefore, the species with AA genome share a common origin for the IRT1 up-regulation, which is an evolutionary novelty that arose after the split of the AA lineage from the last common ancestor with the BB genome lineage (Fig. 7) . We also propose that the CS is not exclusive of cultivated rice, but rather common in wild species closely related to O. sativa, and likely an adaptation to flooded soils that preceded speciation within the O. sativa complex. This improves our knowledge about the evolution of Fe uptake mechanisms in plants, and especially in the Poaceae family. IRGC 86719) were cultivated. Before germination, seeds were submitted to 50 °C for seven days to break dormancy, according to instructions provided by the International Rice Research Institute (IRRI). After, seeds were germinated and seedlings were cultivated without aeration as described above.
Methods
Maize (genotype B73) 65 and sorghum (genotype BTx623) 66 were germinated in vermiculite and nutrient solution (as described above) for fifteen days, and transferred to pots with 6 L of hydroponic solution ( Chlorophyll quantification. Samples from the two youngest fully expanded leaves (about 100 mg) from plants submitted to CC or −Fe conditions were collected (n = 4, each sample consisting of three pooled plants), frozen in liquid nitrogen and stored at −80 °C. Chlorophyll extraction was performed in 85% (v/v) acetone. Chlorophyll a and b were quantified by measuring absorbance at 643 and 663 nm, and the concentrations calculated according to Ross 67 . Measurements of relative leaf chlorophyll level were performed with Soil Plant Analysis Development (SPAD-502, Minolta, Japan; n = 10). were removed. Adapter sequences were trimmed using Trim Galore (https://www.bioinformatics.babraham. ac.uk/projects/trim_galore/) and the first twelve nucleotides were removed from the 5′ end. The abundance of each transcript was estimated using Kallisto 69 . Kallisto is a pseudoalignment RNAseq quantification method, in which the reads are pseudoaligned to a reference transcriptome, producing a list of transcripts that are compatible with each read. Kallisto does not assign each read to a physical position on a reference genome. Instead, it measures how likely the relative abundance of a transcript given a certain library dataset is. For transcripts proportions quantification, Kallisto uses an expectation-maximization algorithm to optimize a likelihood function. This optimization process will output a set of parameters that quantify the proportion of each transcript. Transcripts from different species or from different treatments were considered differentially expressed when the False Discovery Rate (FDR) < 0.05, according to the methodology proposed by Pimentel et al. 70 . Differentially expressed transcript annotations were downloaded from Ensembl plants database using the R package biomaRt 71 . The data is publicly available through the GEO database with accession number GSE131238.
Gene ontology (Go) terms enrichment analysis. Comparison of differentially expressed genes in CC
or −Fe conditions for O. sativa and O. rufipogon datasets was performed to find enriched Gene Ontology (GO) terms. The enrichment analysis was performed using topGO 72 . We used Fisher's Exact Test and the GO terms with p < 0.05 were considered enriched. . For all species from the Oryza genus, genomic and coding sequences of selected genes were aligned using DiAlign Local multiple alignment (http://www.genomatix.de/cgi-bin/dialign/dialign.pl) to find conserved regions. Primers that could amplify the same region of each gene in all species with available genomes were designed. All primers (listed in Supplementary Table 3 ) were designed to amplify 100-200 bp and to have similar Tm values (60 °C ± 1 °C). Reactions settings were composed of an initial denaturation step of 5 min at 94 °C, followed by 40 cycles of 10 s at 94 °C, 15 s at 60 °C, 15 s at 72 °C and 40 s at 60 °C (fluorescence data collection). Samples were held for 2 min at 40 °C for annealing of the amplified products and then heated from 55 to 99 °C with a ramp of 0.1 °C/s to produce the denaturation curve of the amplified products. RT-qPCRs were carried out in 20 µL final volume composed of 10 µL of cDNA sample diluted 100 times, 2 µL of 10 × PCR buffer, 1.2 µL of 50 mM MgCl 2 , 0.2 µL of 10 mM dNTPs, 0.4 µL of each primer pair (10 µM), 3.82 µL of water, 2 µL of SYBR green (1:10,000 Molecular Probe), and 0.05 µL of Platinum Taq DNA Polymerase (5 U µL −1 , Invitrogen, Carlsbad, CA, USA). Data were analyzed using the Pfaffl method 73 . The PCR efficiency from the exponential phase was calculated for each individual amplification plot using the LinReg software 74 . Since the method using LinReg allows for assumption-free calculation of PCR efficiency for each PCR reaction (all technical and biological replicates), we used efficiency averages in each PCR run for calculation. PCR efficiencies are shown in Supplementary Table 3 . We used four biological replicates composed by roots from three plants each, and three technical replicates. 75 search against the complete sets of annotated proteins for all species. For any queried protein X on each targeted species Y, the hit displaying the lowest E-value was selected as the best candidate for being the X homologous on species Y. This resulted in four groups composed by different sets of homologous proteins across the considered species. For each of these groups, synteny analysis was carried out separately as follows. For each gene that encodes a protein in the homologous set, we took a total of 20 genes upstream and 20 genes downstream from its locus. Next, in order to infer synteny degree among these genomic blocks, we used the McScanX software, following the methodology proposed on the original work 76 . The pairs of genes displaying an E-value < 10e −10 for the expected number of collinear blocks were considered to be in syntenic positions. Circular graphs displaying synteny relationships among the genomic blocks were built with the R package circlize 77 .
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